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Characterization and targeting of the ALDH subpopulation in ovarian cancer 
Charles N. Landen, Jr., MD, MS 

University of Alabama at Birmingham, Birmingham, AL 
Ovarian Cancer Academy OC093443 2010-2011 Annual Report 

 
 
INTRODUCTION:  
 
While most ovarian cancer patients initially respond to chemotherapy, most will ultimately recur 
and succumb to disease, suggesting that there is a subpopulation of cells within a heterogeneous 
tumor that has either inherent or acquired resistance to chemotherapy1. Recently subpopulations 
of cancer cells in solid tumors have been observed to have properties of stem cells, and therefore 
designated as “cancer stem cells” (CSC’s) or tumor initiating cells (TIC’s) 2-3. The intent of this 
project is to characterize whether ovarian cells that express aldehyde dehydrogenase 
(ALDH1A1) have cancer stem cell properties, and if targeting ALDH1A1 would lead to a 
reversal of the chemoresistant properties. Characteristics of cancer stem cell that will be assessed 
include tumorigenicity experiments, evidence of multipotentiality, and enhanced resistance to 
chemotherapeutics. The effects of ALDH1A1 downregulation will be determined both in vitro 
and in vivo, using small interfering RNA (siRNA) encapsulated in nanoparticles that allow 
efficient in vivo delivery. If our hypotheses are confirmed, we will have identified a 
subpopulation of ovarian cancer cells that might survive initial chemotherapy and contribute to 
resistance, and further more may find a clinically feasible novel methodology to target these cells 
to improve outcomes in this devastating disease. 
 
 
BODY: 
 
Task 1: Determine tumorigenicity of ALDH1A1 subpopulations 
 

The goal of task 1 was to determine the tumorigenicity of ALDH1A1 subpopulations. We 
first injected, in limiting dilutions, sorted ALDH1A1-positive and ALDH1A1-negative 
populations (based on t he ALDEFLUOR assay) of previously-collected and stored primary 
ovarian cancer specimens. Viability of these cells based on P I exclusion appeared good. 
Unfortunately, tumors failed to grow in either population. Therefore we changed our initial focus 
to examine sorted populations from two cell lines with ALDH1A1 activity, A2780cp20 and 
SKOV3TRip2 (Figure 2B-D of appended manuscript). 
 We sorted ALDH1A1-positive and negative populations from the A2780cp20 cell line 
using the ALDEFLUOR assay and injected cells intraperitoneally into NOD-Scid mice in 
limiting dilutions to determine tumor initiating potential (for methods, see appended manuscript) 
4. As summarized in Table 1, ALDEFLUOR-positive cells exhibited increased tumorigenic 
potential, with 100% tumor initiation after injection of 100,000, 25,000,  or 5,000 cells, and 1 
tumor established after 1,000 cells injected. ALDEFLUOR-negative cells were also able to form 
tumors, although at a lower rate: two of 5 m ice formed tumors after injection of 25,000 or  
100,000 cells, and no tumors formed after injection of 5,000 or 1,000 cells. Mice were followed 
for 1 year after injection, and thorough necropsies were performed in remaining mice to confirm 
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that tumors failed to develop. The TD50, or dose of cells required to permit tumor formation in 
50% of animals, was 50-fold lower with ALDEFLUOR-positive cells. 
 
Table 1. Tumorigenicity of ALDH1A1-positive and ALDH1A1-negative cells. 

A2780cp20 cells injected 
IP 

1 mil 250k 100k 25k 5k 1k 
Serial 

transplantation 
rate 

ALDEFLUOR-negative 5/5 4/5 2/5 2/5 0/5 0/5 0/5 

ALDEFLUOR-positive   5/5 5/5 5/5 1/5 5/5 

 
 Perhaps more striking was the make-up of these tumors. One requirement of a tumor-
initiating population is that they have the capacity to give rise to heterogeneous tumors, 
composed of both stem cell and non-stem cell populations, therefore demonstrating multipotent 
differentiating potential. This was noted in tumors that formed after injection of ALDEFLUOR-
positive cells. In all 16 of these tumors, a strongly-positive ALDH1A1 population was noted in 
the minority of the sample, on a verage 4.7% of the tumor (range 2.4-6.1%, Figure 4A of 
appended manuscript). However, no ALDEFLUOR-positive cells were found in the tumors that 
formed after injection of ALDH1A1-negative cells (Figure 4B). This was confirmed with IHC 
(Figure 4C,D). This argues against the idea that tumors formed because of contamination with 
ALDEFLUOR-positive cells, or that ALDH1A1 expression is simply induced by the tumor 
microenvironment regardless of the capacity of the cells. 

This difference in the capacity to generate ALDEFLUOR-positive cells was also noted in 
vitro. SKOV3TRip2 cells sorted into ALDEFLUOR-positive and negative populations were 
cultured separately, and the ALDEFLUOR assay performed on the different populations at 24, 
48, and 72 hours (Figure 4E,F). Of the ALDEFLUOR-positive cells, the population gradually 
reverted to 75.3%, 54.2%, and 51.4% ALDEFLUOR-positive, respectively for each timepoint. 
However, the ALDEFLUOR-negative cells could not produce any ALDEFLUOR-positive cells.  

Future studies in Task 1 will include confirmation that ALDH1A1-positive cells have 
enhanced tumorigenicity from patient samples. In order to increase the viability and tumor-
generating capacity of cells injected, we will use primary xenografts for this purpose. As 
describe in further detail under Task 2, these xenografts are in the process of being established. 

 
Task 2: Determine if ALDH1-positive cells survive chemotherapy in the tumor microenvironment. 
 

After obtaining IRB and IACUC approval, we have begun collecting primary ovarian 
cancer specimens and transplanting them directly in SCID mice. Our protocols have evolved in 
the last several months. Initially we used NOD-SCID mice, but because of the time often 
required for tumor formation, many were dying due to spontaneous development of lymphoma. 
Changing to use of SCID mice has significantly reduced this problem. 

We have examined which sites of implantation are optimal for xenograft formation. We 
have implanted and compared growth in four sites: 1) subcutaneous, 2) subrenal capsule, 3) 
intraperitoneal, and 4) mammary fat pad. After attempts in 17 patients, these respective sites 
have yielded take rates of 76%, 12%, 12%, and 58%, respectively. In the last 10 patients, a 
xenograft has grown from at least one site in 9 patients (90%). We are in the process of further 
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developing our protocols to where these xenografts can reliably be maintained, expanded to more 
mice, and frozen for later reimplantation. 

In 10 mice, we have had enough mice develop tumors that that have been randomized to 
treatment with saline, maximum-tolerated-dose (MTD) combination carboplatin plus paclitaxel, 
and low-dose carboplatin plus paclitaxel (10% of MTD dosing). After a positive response was 
obtained in the MTD dosing, tumors were collected in multiple formats. Now that an adequate 
cohort is available, we will begin testing these tumors to see if they are enriched with putative 
cancer stem cells, to include ALDH1A1 expression. 

 
Task 3: Target ALDH1 with siRNA in vivo 
 

There are no know n inhibitors of ALDH1A1 for in vivo studies. Therefore, after IACUC 
approval, we utilized a method for delivery of siRNA in vivo using DOPC nanoparticles. We and 
others 5-9 have previously demonstrated delivery of siRNA incorporated into DOPC 
nanoliposomes to the tumor parenchyma with subsequent target downregulation. In this study 
nude mice were injected intraperitoneally with either SKOV3TRip2 or A2780cp20 cells and 
randomized to four treatment groups to begin 1 week after cell injection: 1) control siRNA in 
DOPC, delivered IP twice per week; 2) docetaxel 35 mg, delivered IP weekly (for SKOV3TRip2 
model) or cisplatin 160 µg, delivered IP weekly (for A2780cp20 model); 3) ALDH1A1-siRNA 
in DOPC, IP twice per week; or 4) ALDH1A1-siRNA in DOPC plus docetaxel (for 
SKOV3TRip2) or cisplatin (for A2780cp20). After four weeks of treatment, mice were sacrificed 
and total tumor weight recorded. Immunohistochemical analysis confirmed reduced ALDH1A1 
expression with ALDH1A1-siRNA/DOPC treatment compared to controls but not with 
chemotherapy alone. In SKOV3TRip2 xenografts (Figure 5F in appended manuscript) there was 
a non-significant reduction in tumor growth with docetaxel treatment of 37.0% (p=0.17) and 
with ALDH1A1 siRNA treatment of 25.0% (p=0.38) compared to control-DOPC. The 
observation that ALDH1A1 downregulation alone significantly decreased SKOV3TRip2 growth 
in vitro but was less pronounced in vivo suggests that tumor microenvironment factors such as 
supporting stromal cells may be able to protect cells from ALDH1A1 depletion. However, the 
combination of ALDH1A1 siRNA and docetaxel resulted in significantly reduced growth, by 
93.6% compared to control siRNA (p<0.001), by 89.8% compared to docetaxel plus control 
siRNA (p=0.003), and by 91.4% compared to ALDH1A1 siRNA (p=0.002). In A2780cp20 
(Figure 5G in appended manuscript), there was a similar non-significant reduction in tumor 
weight with cisplatin alone of 43.9% (p=0.32) and with ALDH1A1 siRNA treatment of 57.0% 
(p=0.19). These effects may be even less significant than the mean tumor weights suggest, given 
the presence of two especially large tumors in the control siRNA group. However, again 
combined therapy showed a sensitization to chemotherapy with ALDH1A1 siRNA, with 
combination therapy reducing growth by 85.0% compared to control siRNA (p=0.048), by 
73.4% compared to cisplatin plus control siRNA (p=0.013), and by 65.3% compared to 
ALDH1A1 siRNA alone (p=0.039). Given the minimal effects of either single agent and the 
consistent finding of significant improvement with combined therapy, these data suggest a 
synergy between ALDH1A1 downregulation and both taxane and platinum chemotherapeutic 
agents, though formal dose-finding experiments would be required to definitively prove synergy. 
 Further analysis of these tumors will include an exploration of mechanisms whereby 
ALDH1A1 might be sensitizing tumors to both platinum and taxane chemotherapeutic agents.  
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Task 4: Evaluate mechanisms of ALDH1-mediated chemoresistance 
 
 We have sorted the A2780cp20 cell lines based on ALDH1A1 activity, as defined by the 
ALDEFLUOR assay. mRNA was extracted by the Trizol method, and submitted to our core 
facility for microarray analysis with the Illumina Human_12 chip. These data are not yet 
available. Future work on this task will include statistical analysis of these gene sets, and 
validation of genes of interest. 
 We have attempted to transfect the ALDH1A1-negative A2780ip2 cell line with a 
construct producing ALDH1A1. The construct was obtained through Addgene (plasmid #11610), 
produced in the laboratory of Dr. Steven Johnson. Our initial confirmation that selected 
surviving cells had ALDH1 production was negative. We are in the process of repeating the 
transfection, in order to determine the effects of forced overexpression of ALDH1A1 in a null 
line. 
 
 
 
KEY RESEARCH ACCOMPLISHMENTS:  
 

• ALDH-positive cells from the A2780cp20 and SKOV3TRip2 cell lines have 
approximately 50-fold increased tumorigenicity compared to ALDH-negative cells.  

• Tumors that form after ALDH-positive cells are injected are composed of both ALDH-
positive and ALDH-negative cells, demonstrating multipotentiality of these cells.  

• Tumors that form after injection of ALDH-negative cells were composed of only ALDH-
negative cells, demonstrating that tumorigenicity is not absolute, but ALDH-negative 
cells lack such differentiating capacity.  

• Treatment of tumor-bearing mice with ALDH1A1-targeting siRNA incorporated into 
DOPC liposomes had a minimal effect on tumor growth. 

• Treatment of tumor-bearing mice with ALDH1A1-targeting siRNA in DOPC sensitized 
normally-resistant cell lines to cisplatin or paclitaxel.  

• High-grade epithelial ovarian cancer patient specimens with higher density of ALDH-
positive cells have a shorter progressive-free survival than those with smaller percentages 
of ALDH1A1.  

• With increased experience of direct implantation of fresh patient tumors into SCID mice, 
we now have an approximate 80% success rate in generation of primary xenografts 

 
 
 
REPORTABLE OUTCOMES:  
 

• Publication in Molecular Cancer Therapeutics, manuscript chosen for issue highlights 
and cover art:  
 

o Landen CN, Goodman B, Katre AA, Steg AD, Nick AM, Stone RL, Miller LD, 
Mejia PV, Jennings NB, Gershenson DM, Bast RC, Jr., Coleman RL, Berestein 
G, and Sood AK.   Targeting Aldehyde Dehydrogenase Cancer Stem Cells in 
Ovarian Cancer. Molecular Cancer Therapeutics 9(12): 3186-99, 2010. 
 



5 
 

• Abstracts presented: 
 

o Landen CN, Goodman B, Nick AM, Armaiz-Pena G, Stone RL, Danes C, 
Shahzad M, Jennings N, Markman M, Gershenson DM, Cooper L, Bast, Jr RC, 
Coleman R, Sood AK.  Isolation of potential ovarian tumor initiating cells by 
aldehyde dehydrogenase expression.  Proceedings of the American Association of 
Cancer Research, 2009. 

o Landen CN, Goodman B, Nick AM, Stone RL, Miller LD, Mejia PV, Jennings 
NB, Gershenson DM, Bast RC, Coleman RL, Lopez-Berestein G, and Sood AK. 
Targeted therapy against aldehyde dehydrogenase in ovarian cancer. Proceedings 
of the American Association of Cancer Research, 2010. 

o Bevis KS, Steg AD, Katre AA, Ziebarth AA, Zhang K, Conner MG, Landen CN. 
The significance of putative ovarian cancer stem cells to recurrence. Center for 
Clinical and Translational Science Annual Scientific Symposium, 2010. § 

o Bevis KS, Katre AA, Steg AD, Erickson BK, Frederick PJ, Backes TK, Zhang K, 
Conner MG, Landen CN. Examination of matched primary and recurrent ovarian 
cancer specimens supports the cancer stem cell hypothesis. Proceedings of the 
42nd Annual Society of Gynecologic Oncologists Meeting, 2011. 

• Grants awarded for which data generated by this work contributed preliminary data: 
 

o Principle Investigator, Examination of the true mediators of resistance in ovarian 
cancer, Translational Research Intramural Grant, UAB CCTS and CCC, 4/1/2010 
– 3/31/2011, over 1 year. 

• Funding applied for and not accepted:  
 

o AACR Stand UP 2 Cancer Innovative Research Grant, 2010: Principle 
Investigator, “Identifying and targeting de novo mediators of chemoresistance in 
ovarian cancer.” 

o CDMRP DOD Consortium Award, 2010: Collaborator, “Early Events in Ovarian 
Cancer Pathogenesis.” 

o Doris Duke Clinical Scientist Development Award, 2011: Principle Investigator, 
“Identifying and targeting de novo mediators of chemoresistance in ovarian 
cancer.” 

o CDMRP DOD OCRP Translational Leverage Award, 2011: Principle 
Investigator, “Utilization of primary xenograft and nanoparticle siRNA resources 
to test personalized therapeutics in ovarian cancer.” 

• Assets: 
o Established reliable method of developing primary ovarian cancer xenografts into 

SCID mice that may be an important tool for future studies, such as examination 
of methodologies for testing personalized medicine.  

o Have approximately 15 primary xenografts maintained in mice without having 
ever been cultured in vitro. 
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CONCLUSIONS:  
 
Our findings have demonstrated that ALDH1A1-positive cells are more tumorigenic than 
ALDH1A1-negative cells, contribute to poor patient outcomes, and contribute to 
chemoresistance. Importantly, these effects can be reversed by downregulating ALDH1A1 
expression with nanoparticle-delivered siRNA. We have also shown that tumors that form after 
injection of ALDH1A1-negative cells are exclusively composed of ALDH1A1-negavtie cells, 
eliminating the possibility that tumors form simply due to contamination of the sorted cells with 
ALDH1A1-positive cells. A limitation of these findings to identifying the most significant 
ovarian cancer subpopulation is that ALDH1A1-negative cells are also tumorigenic, and 
therefore ALDH1A1 is not exclusively the tumorigenic population. Additional studies will 
attempt to delineate the contribution of ALDH1A1 as well as other subpopulations to the 
survival of cancer cells after chemotherapy in vivo, such as CD133 and CD44. Addition work in 
the coming years will also attempt to define the important signaling components within 
ALDH1A1-positive cells that contribute to the chemoresistant and tumorigenic phenotype. 
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Therapeutic Discovery

Targeting Aldehyde Dehydrogenase Cancer Stem Cells
in Ovarian Cancer

Charles N. Landen Jr1, Blake Goodman2, Ashwini A. Katre1, Adam D. Steg1, Alpa M. Nick2, Rebecca L. Stone2,
Lance D. Miller3, Pablo Vivas Mejia4,5, Nicolas B. Jennings2, David M. Gershenson2, Robert C. Bast Jr.4,
Robert L. Coleman2,6, Gabriel Lopez-Berestein4,6,7, and Anil K. Sood2,6,7

Abstract
Aldehyde dehydrogenase-1A1 (ALDH1A1) expression characterizes a subpopulation of cells with

tumor-initiating or cancer stem cell properties in several malignancies. Our goal was to characterize

the phenotype of ALDH1A1-positive ovarian cancer cells and examine the biological effects of ALDH1A1

gene silencing. In our analysis of multiple ovarian cancer cell lines, we found that ALDH1A1 expression

and activity was significantly higher in taxane- and platinum-resistant cell lines. In patient samples, 72.9%

of ovarian cancers had ALDH1A1 expression in which the percentage of ALDH1A1-positive cells

correlated negatively with progression-free survival (6.05 vs. 13.81 months; P < 0.035). Subpopulations

of A2780cp20 cells with ALDH1A1 activity were isolated for orthotopic tumor–initiating studies, where

tumorigenicity was approximately 50-fold higher with ALDH1A1-positive cells. Interestingly, tumors

derived from ALDH1A1-positive cells gave rise to both ALDH1A1-positive and ALDH1A1-negative

populations, but ALDH1A1-negative cells could not generate ALDH1A1-positive cells. In an in vivo

orthotopic mouse model of ovarian cancer, ALDH1A1 silencing using nanoliposomal siRNA sensitized

both taxane- and platinum-resistant cell lines to chemotherapy, significantly reducing tumor growth in

mice compared with chemotherapy alone (a 74%–90% reduction; P < 0.015). These data show that the

ALDH1A1 subpopulation is associated with chemoresistance and outcome in ovarian cancer patients, and

targeting ALDH1A1 sensitizes resistant cells to chemotherapy. ALDH1A1-positive cells have enhanced,

but not absolute, tumorigenicity but do have differentiation capacity lacking in ALDH1A1-negative cells.

This enzyme may be important for identification and targeting of chemoresistant cell populations in

ovarian cancer. Mol Cancer Ther; 9(12); 3186–99. �2010 AACR.

Introduction

Ovarian cancer was expected to be diagnosed in 21,550
women in 2009 and take the lives of 14,600 women (1).
Although ovarian cancer is among the most chemosensi-
tive malignancies at the time of initial treatment (surgery

and taxane/platinum-based chemotherapy), most
patients will develop tumor recurrence and succumb
to chemoresistant disease (2). An understanding of the
mechanisms mediating survival of subpopulations of
ovarian cancer cells is necessary to significantly improve
outcomes in this disease.

In many malignancies, a subpopulation of malignant
cells termed cancer stem cells or tumor-initiating cells has
been hypothesized to represent themost tumorigenic and
treatment-resistant cells within a heterogeneous tumor
mass. Defined by their enhanced ability to generate
murine xenografts and give rise to heterogeneous tumors
that are composed of both tumor-initiating cell and non-
tumor-initiating cell populations, these cells may also be
more chemoresistant and depend on unique biological
processes compared with the majority of tumor cells (3,
4). In ovarian cancer, many of these properties have been
identified in populations of CD44/c-kit–positive cells (5),
CD133-positive cells (6–8), and Hoechst-excluding cells
(the side population; ref. 9).

Among several markers that have been used to iden-
tify cancer stem cells, aldehyde dehydrogenase-1A1
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(ALDH1A1) has been a valid marker among several
malignant and nonmalignant tissues (10–20). It holds
the attractive distinction of not only being a potential
marker of stemness but potentially playing a role in the
biology of tumor-initiating cells as well (10). ALDH1A1,
1 of 17 ALDH isoforms, is an intracellular enzyme that
oxidizes aldehydes, serving a detoxifying role, and
converts retinol to retinoic acid, mediating control on
differentiation pathways. The ALDH1A1 population
defines normal hematopoietic stem cells, being used
to isolate cells for stem cell transplants in patients.
Using the ALDEFLUOR assay, a functional flow cyto-
metric assay that identifies cells with active ALDH1A1,
tumor-initiating cell-enriched populations have been
identified in multiple malignancies (20), including
breast (11–14), colon (15, 16), pancreas (17), lung (18),
and liver (19). Whether or not the ALDH1A1-
active population is enriched for tumor-initiating cells
has not been demonstrated for ovarian cancer. More
importantly, although ALDH1A1 is implicated in
chemoresistance pathways, it is not known whether
targeting ALDH1A1 can sensitize resistant cells to
chemotherapy and therefore represent a potential target
for cancer stem cell–directed therapy. We sought to
characterize expression of ALDH1A1 in ovarian cancer
cell lines and patient samples, determine whether it
contains tumor-initiating cell properties, and examine
whether targeting ALDH1A1 sensitizes cells to che-
motherapy in both in vitro and in vivo ovarian cancer
models.

Materials and Methods

Cell lines and culture
The ovarian cancer cell lines SKOV3ip1, SKOV3-

TRip2, HeyA8, HeyA8MDR, A2780ip2, A2780cp20,
IGROV-AF1, and IGROV-cp20 (21, 22) were maintained
in RPMI-1640 medium supplemented with 15% fetal
bovine serum (Hyclone). SKOV3TRip2 [taxane-resis-
tant, a kind gift of Dr. Michael Seiden (23)] and
HeyA8MDR were maintained with the addition of
150 nmol/L of paclitaxel. The HIO-180 SV40-immorta-
lized, nontumorigenic cell line derived from normal
ovarian surface epithelium was a kind gift of Dr.
Andrew Godwin. All cell lines were routinely screened
for Mycoplasma species (GenProbe detection kit) with
experiments done at 70% to 80% confluent cultures.
Purity of cell lines was confirmed with STR genomic
analysis, and cells used were always less than 20 pas-
sages from the stocks tested for purity.

Whole genomic analysis
RNA was extracted from 3 independent collections of

SKOV3ip1 and SKOV3TRip2 cells at 80% confluence
with the RNeasy Mini kit (Qiagen). It was subjected
to microarray analysis using the Illumina HumanRef-8
Expression BeadChip, which targets�24,500 well-anno-
tated transcripts. Microarray data were normalized by

the cubic-spline method (24) using the Illumina Bead-
Studio software. The significance of differentially
expressed genes was determined by Student’s t test
followed by correction for false discovery (25). A heat
map was generated using Cluster 3.0 and Java TreeView
software. The array data have been registered with GEO
(accession #GSE23779) for public access.

Western blot analysis
Cultured cell lysates were collected in modified radio-

immunoprecipitation assay lysis buffer with protease
inhibitor cocktail (Roche) and subjected to immunoblot
analysis by standard techniques (26) using anti-
ALDH1A1 antibody (BD Biosciences) at 1:1,000 dilution
overnight at 4�C, or anti–b-actin antibody (Sigma Che-
mical) at 1:2,000.

Immunohistochemical staining and
clinical correlations

Immunohistochemical (IHC) analysis was done on
formalin-fixed, paraffin-embedded samples, using stan-
dard techniques (26). For ALDH1A1, antigen retrieval
was in citrate buffer for 45 minutes in an atmospheric
pressure steamer, using anti-ALDH1A1 antibody (BD
Biosciences) at 1:500 dilution in Cyto-Q reagent (Innovex
Biosciences) overnight at 4�C. Primary antibody detection
was with Mach 4 HRP polymer (Biocare Medical) for
20 minutes at room temperature, followed by diamino-
benzidine incubation. After IHC staining, the number
of tumor cells positive for ALDH1A1 was counted
and expressed as a percentage of all tumor cells by
an examiner blinded to clinical outcome. Patient samples
were categorized as having low (<1%), intermediate
(1%–20%), or high (21%–100%) ALDH1A1 expression.
The IHC analysis was done on samples collected at
primary debulking surgery on 65 untreated patients
with stage III–IV, high-grade papillary serous adenocar-
cinoma; with institutional review board approval, clinical
information was collected. Progression-free and overall
survival were plotted with the Kaplan–Meier method
for patients in each group of ALDH1A1 expression
and compared with the log-rank statistic by using PASW
17.0.

For dual staining of ALDH1A1 and CD68 (for macro-
phages), staining for ALHD1A1 was done first as pre-
viously, followed by exposure to anti-CD68 antibody
(1:4,000; Dako) and goat anti-mouse-AP (Jackson Immu-
noresearch). AP was developed with Ferangi Blue chro-
magen kit (Biocare Medical). For dual staining of
ALDH1A1 and hypoxic tumor regions, mice bearing
SKOV3TRip2 xenografts were injected with 60 mg/kg
of Hypoxyprobe-1 reagent (HPI, Inc.). Tumor sections in
FFPE were subjected to antigen retrieval as above,
followed by exposure to fluorescein isothiocyanate
(FITC)-conjugated anti-hypoxyprobe-1 mouse antibody
(1:50) overnight at 4�C. This was detected with HRP-
conjugated anti-FITC antibody (1:500, Jackson Immu-
noresearch) and DAB resolution. Endogenous murine
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IgG was then blocked with anti-mouse IgG F(ab’)2
fragments (Jackson ImmunoResearch), and ALDH1A1
stained as above using AP-conjugated anti-mouse IgG
and Ferangi Blue chromagen.

ALDEFLUOR assay and tumorigenicity
in limiting dilutions

Active ALDH1A1 was identified with the ALDE-
FLUOR assay according to manufacturer’s instructions
(StemCell Technologies). The ALDH1A1-positive popu-
lation was defined by cells with increased FITC signal,
with gates determined by diethylaminobenzaldehyde
(DEAB)-treated cells (DEAB being an inhibitor of
ALDH1A1 activity). For tumorigenicity experiments,
the ALDEFLUOR-positive population from A2780cp20
cells were sorted with a FACS Aria II flow cytometer (BD
Biosciences) and reanalyzed to confirm at least 95%
positivity. Collected cells were washed and resuspended
in Ca2þ- and Mg2þ-free Hanks’ balanced salt solution
(HBSS; Gibco) and injected intraperitoneally into NOD-
SCIDmice in limiting dilutions . Mice were followed for 1
year or until tumors formed, then sacrificed and tumor
confirmed histologically. For flow cytometric analysis of
these tumors, xenografts were dissociated mechanically
with a scalpel, passed through a 70-mm filter to collect
single-cell suspensions, with the remaining clumped cells
incubated in 0.5 mg/mL of collagenase and 0.0369 mg/
mL of hyaluronidase (Calbiochem) for 30 minutes at
37�C. These chemically digested cells were again filtered
through a 70 mm filter, added to the initial collection
and subjected to the ALDEFLUOR assay. ALDEFLUOR-
positive cells or negative cells were then injected into
additional mice (n ¼ 5) to examine maintenance of
tumorigenicity.

Primary xenograft development
With institutional IRB and IACUC approval, excess of

freshly collected omental metastases from advanced
stage ovarian cancer patients were acquired after tissue
required for diagnosis and management had been
sequestered. 3 to 4-mm3 sections were cut and implanted
subcutaneously on the dorsal aspect of NOD-SCID mice.
Adjacent sections were submitted for histologic analysis
to confirm tumor. Tumors were measured in 2 dimen-
sions twice per week. After progressive growth was
noted, mice with formed tumors were treated with vehi-
cle or cisplatin (7.5 mg/kg weekly by intraperitoneal
administration). Mice were treated for 8 weeks and then
sacrificed, and tumors were harvested.

SiRNA downregulation in vitro
To examine downregulation of ALDH1A1with siRNA,

cells were exposed to 2.5 mg/mL of control siRNA (target
sequence 50-AATTCTCCGAACGTGTCACGT-30; Sigma),
or 1 of 3 tested ALDH1A1-targeting constructs
(SASI_Hs01_00244055, 00244056, or 00303091; Sigma),
at a 1:3 siRNA (mg) to Lipofectamine 2000 (mL) ratio.

Lipofectamine 2000 and siRNA were incubated for
20 minutes at room temperature, added to cells in
serum-free RPMI to incubate for 6 hours, followed by
the addition of 15% FBS/RMPI thereafter. Transfected
cells were grown at 37�C for 48 to 72 hours and then
harvested for Western blot.

Assessment of cell viability with chemotherapy
IC50 and cell-cycle analysis

To a 96-well plate, 2,000 cells per well were exposed
to increasing concentrations of docetaxel or cisplatin
in triplicates. Viability was assessed by 2-hour incuba-
tion with 0.15% MTT (Sigma) and spectrophotometric
analysis at OD450 (optical density at 450 nm). For
effects of siRNA on IC50, cells were incubated with
siRNA for 24 hours in 6-well plates and then replated
in 96-well plates, and chemotherapy was administered
after 12 hours to allow attachment. IC50 was determined
by finding the dose at which the drug had 50% of
its effect and calculated by the following equation:
IC50 ¼ [(OD450max � OD450min)/2) þ OD450min]. Test
of synergy was according to the Loewe additivity model
(27) and calculated by the following equation: combina-
tion index (CI) ¼ [D1/Dx1] þ [D2/Dx2] (where a CI of
1 suggests an additive effect, <1 suggests synergy, and
>1 suggests antagonism). For cell-cycle analysis,
cells were transfected with siRNA as described pre-
viously for 72 hours, trypsinized, washed in PBS,
and fixed in 75% ethanol overnight. Cells were then
centrifuged, washed twice in PBS, and reconstituted
in PBS with 50 mg/mL of propidium iodide. Propidium
iodide fluorescence was assessed by flow cytometry,
and percentage of cells in each cycle was calculated by
the cell-cycle analysis module for FlowJo.

Orthotopic ovarian cancer model and in vivo
delivery of siRNA

For orthotopic therapy experiments using ovarian can-
cer cell lines, female athymic nude mice (NCr-nu) were
purchased from the National Cancer Institute and cared
for in accordance with guidelines of the American Asso-
ciation for Accreditation of Laboratory Animal Care. For
all in vivo experiments, trypsinized cells were suspended
in HBSS and 106 cells injected intraperitoneally into 40
mice per experiment. After 1 week, mice were rando-
mized to: a) control siRNA/DOPC, b) control siRNA/
DOPC plus chemotherapy, c) ALDH1A1-targeting
siRNA/DOPC, or d) chemotherapy plus ALDH1A1-tar-
geting siRNA/DOPC. SiRNA/DOPC dose was 5 mg
twice per week in a volume of 100 mL intraperitoneally.
Chemotherapy doses were docetaxel 35 mg intraperito-
neally weekly for SKOV3TRip2, or cisplatin 160 mg intra-
peritoneally weekly for A2780cp20. Mice were treated for
4 weeks before sacrifice and tumor collection. SiRNAwas
incorporated into 1,2-dioleoyl-sn-glycero-3-phosphati-
dylcholine (DOPC) neutral nanoliposomes as previously
described (28), lyophilized, and reconstituted in 0.9%
saline for administration.
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Statistical analysis
Comparisons between treatment groups of tumor

weight was carried out with the 2-tailed Student’s t test,
if tests of data normality were met. Those represented by
alternate distribution were examined by Mann–Whitney
U statistic. Differences between groups were considered
statistically significant at P < 0.05. The number ofmice per
group (n¼ 10)was chosen as directed by a power analysis
to detect a 50% decrease in tumor growth with b error of
0.2. Progression-free and overall survival in patients with
3 categories of ALDH1A1 staining were compared by
plottingwith the Kaplan–Meier method and assessing for
statistical differences with the log-rank statistic, using
PASW 17.0 software.

Results

Expression profiling of chemoresistant ovarian
cancer cell lines
To discover genes mediating taxane resistance, expres-

sion profiling of parental SKOV3ip1 and taxane-resistant
SKOV3TRip2 cells was done with microarray analysis
using the Illumina HumanRef-8 Expression BeadChip.
The SKOV3TRip2 cell line was previously generated
through progressive exposure to paclitaxel (designated
SKOV3TR; 23) and then passaged intraperitoneally in
mice for 2 generations to select populations with
enhanced tumorigenicity. Similarly, SKOV3ip1 were
derived from SKOV3 parental cells to select for cells with
enhanced tumorigenicity. We found 34 genes to be upre-
gulated more than 10-fold in SKOV3TRip2 (Fig. 1),
among which was ALDH1A1, with a 92.7-fold increase
(P ¼ 0.0025). Twenty genes were more than 10-fold
increased in SKOV3ip1. SKOV3TRip2 cells were con-
firmed to have approximately 3,000-fold increased resis-
tance to docetaxel, as measured by MTT IC50 (62.5 nmol/
L vs. 0.02 nmol/L; Fig. 2A).

ALDH1A1 expression in ovarian cancer cell lines
To confirm an increase in ALDH1A1 expression/activ-

ity in SKOV3TRip2 and examine expression in other
ovarian cancer cell lines, 4 pairs of parental and chemore-
sistant cell lines were examined: SKOV3ip1/SKOV3-
TRip2; HeyA8/HeyA8MDR (multidrug resistant);
A2780ip2/A2780cp20 (10-fold increased cisplatin resis-
tance); and IGROV-AF1/IGROV-cp20 (5-fold increased
cisplatin resistance). In addition, an immortalized, non-
transformed cell line derived from normal ovarian sur-
face epithelium, HIO-180, was examined. We found that
expression of total ALDH1A1, as measured by Western
blot analysis, was in each case higher in the chemoresis-
tant cell line, with the exception of HeyA8/HeyA8MDR,
in which ALDH1A1 was low to absent in both (Fig. 2B).
To examine whether ALDH1A1 was not only present but
also active, we subjected cells to flow cytometric analysis
using the ALDEFLUOR assay. This functional assay
predominantly identifies active ALDH1A1 by conversion
of a chemical to a fluorochrome. The presence of a sub-

population of ALDH1A1-active cells could be readily
identified in SKOV3TRip2 (58% of the total population)
and A2780cp20 (2.2%) but not in their parental cell line
(Fig. 2C). Furthermore, the strong shift in fluorescent
signal in some cells suggests that there was not simply
a general increase in expression in all cells but rather
separate populations of ALDH1A1-positive and -nega-
tive cells. This was confirmed by immunohistochemistry,
which showed distinct populations of ALDH1A1-posi-
tive or -negative cells in A2780cp20 and SKOV3TRip2
cells but not in the parental A2780ip2 and SKOV3ip1 cells
in culture (Fig. 2D). Finally, we observed that this hetero-
geneous profile was maintained in tumors. After intra-
peritoneal injection of SKOV3TRip2 cells into nude mice
and collection of the resulting orthotopic tumor implants,
IHC staining of for ALDH1A1 showed both positive and
negative ALDH1A1 subpopulations (Fig. 2E). To examine
whether this heterogeneity in expression was due to
differential expression in hypoxic regions, a tumor-bear-
ing mouse was injected with hypoxyprobe reagent and
sacrificed after 30minutes. The tumor was costainedwith
ALDH1A1 and antihypoxyprobe antibody. We found
that the ALDH1A1-positive cells were not preferentially
localized to hypoxic regions in the tumor, with only 1.5%
of ALDH1A1-positive cells concurrently positive for
hypoxyprobe and only 3.3% of hypoxyprobe-positive
cells also positive for ALDH1A1 (P < 0.01; Fig. 2F).

ALDH1A1 expression in human ovarian
cancer specimens

To determine the pattern of ALDH1A1 expression and
possible correlations with chemoresistance in patients,
we next examined ALDH1A1 expression in 65 untreated,
high-grade papillary serous stage III–IV ovarian cancer
patient specimens (patient characteristics in Table 1). We
found a wide range of expression patterns (Fig. 3A).
There was no ALDH1A1 in tumor cells in 27.1% of
samples. ALDH1A1 expression was noted in 1% to
20% of cells in 44% of tumors, representing the largest
cohort of expression patterns. As in xenografts from cell
lines, expression was typically strong in some cells
and negative in others, signifying distinct heterogeneity
in the tumor. There was no distinct histologic pattern
to the location of the positive cells (such as around
vasculature or on the leading edge of the tumor), but
positive cells did tend to cluster together. The remaining
tumors (28.9%) all had between 21% and 100% staining,
with 10% of all patients having strong ALDH1A1
expression in nearly 100% of their tumor cells. To confirm
that ALDH1A1 expression was not being mistakenly
identified in tumor-infiltrating macrophages, several
snap-frozen samples were dual stained for ALDH1A1
and CD68. Although images are not as detailed as those
from paraffin-embedded samples, dual staining clearly
shows that the majority of macrophages (blue) are
ALDH1A1 negative and therefore the heterogeneous
ALDH1A1 positivity in tumors is not simply due to
detection of macrophage infiltration (Fig. 3B).
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Figure 1. Comparison of whole
genome expression profiling
between SKOV3TRip2 and
SKOV3ip1 cell lines. Total RNA
from the SKOV3TRip2 and
SKOV3ip1 cell lines were
subjected to whole genome
expression profiling using the
Illumina platform. The genes with a
greater than 10-fold increase in
SKOV3TRip2 are shown in red,
whereas those with a greater than
10-fold increase in SKOV3ip1 are
shown in green. FC, fold change.
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Correlation of ALDH1A1 expression
with clinical outcomes
TodeterminewhetherALDH1A1expression correlated

with clinical outcomes, we compared progression-free

survival and overall survival from patient samples
described earlier (and in Table 1) in cohorts with no
ALDH1A1 expression, 1% to 20% expression, and greater
than 20% expression, as this grouping allowed similar

× ×

× ×

× ×

A B C

D

E

F

Figure 2. ALDH1A1expression in ovarian cancer cell lines. A, asmeasuredwith theMTTviability assay, theSKOV3TRip2ovarian cancer cell line has adocetaxel
IC50 approximately 3,000-fold higher than that of its parental SKOV3ip1 cell line. B, expression of ALDH1A1 by Western blot in 4 pairs of chemosensitive and
chemoresistantovariancancercell linesand thenontransformedHIO-180normalovariansurfaceepithelium line. Inall casesexceptHeyA8/HeyA8MDR, inwhich
both lines had minimal expression, the chemoresistant line had increased ALDH1A1 expression. C, as measured by the ALDEFLUOR assay, the A2780cp20
(cisplatin resistant) and SKOV3TRip2 (taxane resistant) also contained a higher percentage of cells with functional ALDH1A1. D, this was confirmed by the IHC
analysis for ALDH1A1 on these cell lines in vitro in which individual cells appeared either negative or strongly positive, demonstrating heterogeneity of ALDH1A1
expression in the cell line population. A low-power (4�) view gives an appreciation for the distinct colonies of ALDH1A1-positive cells, whereas examination at
high power (10�) shows the definitive ALDH1A1-positive or -negative nature of individual A2780cp20 and SKOV3TRip2 cells but an absence of ALDH1A1 in
parentalA2780ip2andSKOV3ip1 lines.E, thisheterogeneity is alsopresent in tumorxenografts, asseenby the IHCanalysis forALDH1A1 inSKOV3TRip2 tumors
grown inmice (intraperitoneal location is confirmedby thepresenceofnormalpancreatic tissueon the right sideof theslide). F,ALDH1A1expression isnot limited
to hypoxic cells, as shown in xenografts collected frommice given the hypoxyprobe reagent and subjected to the co-IHC analysis for ALDH1A1 (in blue) and the
hypoxyprobe by-product (in brown). Scale bars represent 50 mm in 10� views, 100 mm in 4� views (E, F).
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numbers between groups. Patients with greater than 20%
ALDH1A1-positive cells had a shorter median progres-
sion-free survival (6.1 months) than those with 1% to 20%
ALDH1A1-positive cells (8.2 months) or those with no
ALDH1A1-positive cells (13.8 months), which was statis-
tically significant according to the log-rank test (P¼ 0.035;
Fig. 3C). Overall survival, which reflects resistance to
multiple chemotherapeutic agents used in the recurrent
setting, showed a trend toward a poor outcome with
increasing ALDH1A1 expression (median overall survi-
val 1.09 vs. 1.84 vs. 2.32 years), but the trend was not
statistically significant (P ¼ 0.33; Supplementary Fig. 1).

Preferential survival of ALDH1A1-positive
cells with cisplatin treatment

To determine whether the ALDH1A1-positive cells
havepreferential survival in the tumormicroenvironment
with platinum treatment, we established mouse xeno-
grafts from primary patient samples by subcutaneously
implanting a freshly collected tumor specimen into NOD-
SCIDmice. A subcutaneous rather than orthotopic model
was used so that tumor growth and response could be
accurately measured. Once tumors were established and

growing, and achieved a size of approximately 1 cm3,
intraperitoneal administration of 7.5 mg/kg of cisplatin
weekly was initiated whereas only vehicle was adminis-
tered to controls (Fig. 3D). When tumors grew to a size of
2 cm3 in controls, having remained stable with cisplatin
treatment, they were harvested and sections stained for
ALDH1A1 expression. Baseline expression of ALDH1A1
in the implanted tumor was seen in approximately 1% of
cancer cells and similar levels were found in growing
xenografts in untreated mice (Fig. 3E). A significant
increase in the percentage of ALDH1A1-positive cells
was, however, noted in cisplatin-treated xenografts to
38% (P < 0.001; Fig. 3E). Consistent with this, the ALDE-
FLUOR assay on the dissociated tumor showed that 0.6%
of cells from untreated tumors were ALDEFLUOR posi-
tive whereas 17.6% of cells from cisplatin-treated tumors
were ALDEFLUOR positive. Because the treated xeno-
graft in this case did not regress, but rather remained
stable in size, cisplatin exposure may have induced
ALDH1A1 expression in surviving cells in addition to
preferential killing of ALDH1A1-negative cells.

Tumor-initiating capacity of ALDH1A1-positive
ovarian cancer cells

In breast and other cancers, the ALDH1A1-active can-
cer cells have been shown to represent a tumor-initiating
population (10–19). To determine whether this were the
case in ovarian cancer, we sorted ALDH1A1-positive and
-negative populations from the A2780cp20 cell line using
the ALDEFLUOR assay and injected cells intraperitone-
ally into NOD-SCID mice in limiting dilutions to deter-
mine tumor-initiating potential. As summarized in
Table 2, ALDEFLUOR-positive cells exhibited increased
tumorigenic potential, with 100% tumor initiation after
the injection of 100,000, 25,000, or 5,000 cells, and 1 tumor
was established after the injection of 1,000 cells. ALDE-
FLUOR-negative cells could form tumors, although at a
lower rate: 2 of 5mice formed tumors after the injection of
25,000 or 100,000 cells and no tumors formed after the
injection of 5,000 or 1,000 cells. Mice were followed for
1 year after injection and thorough necropsies were
performed in remaining mice to confirm that tumors
failed to develop. The TD50, or dose of cells required to
permit tumor formation in 50% of animals, was 50-fold
lower with ALDEFLUOR-positive cells. Perhaps, more
striking was the makeup of these tumors. One require-
ment of a tumor-initiating population is that it has the
capacity to give rise to heterogeneous tumors, composed
of both stem cell and non–stem cell populations, therefore

Table 1. Characteristics of patients tested for
ALHD1A1 expression (n ¼ 65)

Characteristic Percentage or
average (range)

Age at diagnosis 62.2 (34–89)
Caucasian race 71%
Pretreated with chemotherapy 0%
Stage

III 74%
IV 26%

Ca125 3,071 (161–9,600)
Ascites 87%
Optimal debulking 74%
Papillary serous histology 100%
Platinum/taxane primary therapy 96%
Progression-free survival, mo 14.2 (1.7–108)
Overall survival, y 2.5 (0.2–11.8)
ALDH1A1 staining

Absent 27.1%
1%–20% of cells 44.0%
21%–100% of cells 28.9%

Abbreviation: Ca125, cancer antigen 125

Table 2. Tumorigenicity of ALDEFLUOR-positive and negative cells

A2780cp20 cells injected
intraperitoneally

1,000,000 250,000 100,000 25,000 5,000 1,000 Serial
transplantation rate

ALDEFLUOR negative 5/5 4/5 2/5 2/5 0/5 0/5 0/5
ALDEFLUOR positive 5/5 5/5 5/5 1/5 5/5
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demonstrating multipotent differentiation potential. This
was noted in tumors that formed after the injection of
ALDEFLUOR-positive cells. In all 16 of these tumors, a
strongly positive ALDH1A1 population was noted in the
minority of the sample, on average 4.7% of the tumor
(range 2.4%–6.1%; Fig. 4A). However, no ALDEFLUOR-
positive cells were found in the tumors that formed after
the injection of ALDH1A1-negative cells (Fig. 4B). This
was confirmed by the IHC analysis (Fig. 4C and D). This
argues against the idea that tumors are formed because of
contamination with ALDEFLUOR-positive cells or that
ALDH1A1 expression is simply induced by the tumor
microenvironment regardless of the capacity of the cells.

This difference in the capacity to generate ALDEFLUOR-
positive cells was also noted in vitro. SKOV3TRip2 cells
sorted into ALDEFLUOR-positive and -negative popula-
tions were cultured separately, and the ALDEFLUOR
assay was done on the different populations at 24, 48,
and 72 hours (Fig. 4E and F). Of the ALDEFLUOR-
positive cells, the population gradually reverted to
75.3%, 54.2%, and 51.4% ALDEFLUOR-positive cells,
respectively, for each time point. However, the ALDE-
FLUOR-negative cells could not produce any ALDE-
FLUOR-positive cells.

To confirm that the ALDEFLUOR-positive cells from
tumors maintained tumorigenicity, these populations

A

D

E

B C

Figure 3. ALDH1A1 expression in ovarian cancer patients. ALDH1A1 was assessed by the IHC analysis in 65 high-grade stage III–IV papillary serous ovarian
cancer patients. A, several expression patterns were seen, including absent, spotty (e.g., Low ALDH), and diffuse (High ALDH) staining. Consistent with
staining in cell lines, both strongly positive and negative populations were noted. B, to confirm the spotty ALDH1A1 pattern was not identifying infiltrating
macrophages, the co-IHC analysis on frozen tissue for ALDH1A1 (brown) and CD68 (a pan-macrophagemarker, blue) was done. C, patients were stratified into
less than 1%, 1%–20%, and greater than 20% ALDH1A1 expression, and progression-free and overall survival was plotted by the Kaplan–Meier method and
tested for statistical significance by the log-rank test. There was a significantly shorter progression-free survival in patients with increasing ALDH1A1
expression. D, mice with established primary subcutaneous xenografts were treated with vehicle or cisplatin for 5 weeks. E, tumors from these mice were
harvested and subjected to IHC analysis for ALDH1A1. Tumors treated with cisplatin showed a significant increase in the number of ALDH1A1-positive tumors
cells. Magnification at low and high powers is shown. Scale bars represent 50 mm in panels A, B, and High-power images of E, and 100 mm in Low-power
images of E.
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were sorted and reinjected intraperitoneally into mice
and continued to form tumors at 100% rate with 25,000
cells injected. However, ALDEFLUOR-negative cells
from the tumors forming after ALDEFLUOR-negative
cells were injected did not form tumors. Taken together,
these studies show that ALDEFLUOR-positive cells have
increased but not absolute tumorigenicity, but they do
have a differentiation capacity and maintenance of the
tumorigenic phenotype that is absent in ALDEFLUOR-
negative cells.

In an effort to determine whether ALDEFLUOR-posi-
tive cells, freshly collected from ovarian cancer patients,
have similar tumorigenicity, we have sorted ALDE-

FLUOR-positive and -negative cells from 5 separate ovar-
ian cancer patients, dissociating tumors metastatic to the
omentum at the time of primary debulking surgery. In
this cohort, 1.5% to 17.8% of cells were ALDEFLUOR
positive. A total of 25,000 ALDEFLUOR-positive cells,
100,000 ALDEFLUOR-negative cells, or 100,000 unsorted
cells were injected intraperitoneally into 5mice per group
per patient. Unfortunately, no tumors formed in any
mice, highlighting the difficulty of tumorigenicity studies
in primary ovarian cancer samples dissociated to single
cell suspensions.

To preliminarily determine whether there is an overlap
between the ALDEFLUOR-positive population and other
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Figure 4. ALDH1A1 populations in A2780cp20 xenografts. Intraperitoneal tumors that developed after the injection of ALDEFLUOR-positive or -negative
A2780cp20 cells were assessed for ALDH1A1 composition. A, tumors that formed after the injection of purely ALDEFLUOR-positive cells showed both
ALDEFLUOR-positive and -negative populations and recapitulated the tumor-initiating cells phenotype of having a small (2.4%–6.1%) percentage of
ALDEFLUOR-positive cells. B, interestingly, tumors that formed after the injection of purely ALDEFLUOR-negative cells contained only ALDEFLUOR-negative
cells, showing an absence of capacity for differentiation, at least in terms of ALDEFLUOR positivity. C and D, this expression discrepancy was also noted on
the immunohistochemical analysis for ALDH1A1 from these samples. Scale bars represent 100 mm. Similarly, in vitro, SKOV3TRip2 ALDEFLUOR-positive cells
give rise to both ALDEFLUOR-positive and -negative cells, (E) reestablishing baseline levels at 48 hours, whereas ALDEFLUOR-negative cells cannot give rise
to ALDEFLUOR-positive cells (F).
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markers of putative stem cells in ovarian cancer, these
5 samples were also profiled for CD44, c-kit, and CD133.
We were not able to identify a convincing positive c-kit
population from any sample. CD133-positive cells made
up an average of 3.1% of total tumor cells (range, 0.6%–
5.7%) and were greater than 80% of ALDEFLUOR posi-
tive in all 5 samples (mean, 86.7%; range, 81.5%–100%).
CD44 was more commonly expressed, representing an
average of 45.7% of tumors (but with a very broad range
of 2.4%–98.2%). Of the CD44-positive cells, 75.4% were
also ALDEFLUOR positive (range, 46.6%–88.8%). Simi-
larly, the SKOV3TRip2 line has 82% CD44-positive cells,
and of these, 74% were ALDEFLUOR positive. Although
a great number of samples will need to be examined to
fully delineate whether multiple marker–positive cells
can more accurately define the most pure tumorigenic
cell, there is certainly overlap inmarker expression. There
are both double-positive CD44/ALDEFLUOR and
CD133/ALDEFLUOR-positive populations that may
prove more discerning as cancer stem cell populations,
and ongoing studies could assess this distinction. Inter-
estingly, the A2780cp20 cell line is completely negative
for CD44 and the HeyA8 cell line is negative for
ALDH1A1/ALDEFLUOR, despite the fact that both are
highly tumorigenic. This highlights the fact that these
cannot be the sole mediators of tumorigenicity in mice.

Downregulation of ALDH1A1 sensitizes ovarian
cancer cells to chemotherapy
Given the association of ALDH1A1 expression with

chemoresistant cell lines and a decreased progression-
free survival in ovarian cancer patients, we asked
whether downregulation of ALDH1A1 could sensitize
resistant cells to chemotherapy. Two different siRNA
constructs were identified that reduced ALDH1A1
expression by greater than 80% (Fig. 5A). Reduction in
the ALDEFLUOR population was confirmed (Fig. 5B).
SKOV3TRip2 or A2780cp20 cells were exposed to
ALDH1A1-targeting siRNA (ALDH1A1 siRNA) or con-
trol siRNA for 24 hours before replating and adding
increasing concentrations of docetaxel or cisplatin,
respectively. Cell viability 4 days after the addition of
chemotherapy was assessed with the MTT assay. In
SKOV3TRip2 cells, siRNA-ALDH1A1 alone reduced via-
bility by 49% (Fig. 5C; P < 0.001). Downregulation of
ALDH1A1 also reduced the docetaxel IC50 from 178 to 82
nmol/L. In A2780cp20, the effects of ALDH1A1 down-
regulation alone were modest (Fig. 5D; reduced viability
by 15.9%, P ¼ 0.040) but sensitization to cisplatin was
considerable, with a decrease in the IC50 from 5.1 to 2.0
mmol/L. Tests for synergy suggest moderate synergy in
each cell line (CI ¼ 0.82 for SKOV3TRip2 and 0.75 for
A2780cp20). The contrasting effects of ALDH1A1-siRNA
alone are consistent with the number of ALDH1A1-active
cells in these cell lines, with SKOV3TRip2 cell lines
having 50% to 60% of ALDEFLUOR-positive cells and
A2780cp20 having just 2% of 3%. To determine how
ALDH1A1 downregulation alone may affect cell growth,

cell-cycle analysis was done in a separate experiment.
We found that ALDH1A1 downregulation induced an
accumulation of SKOV3TRip2 cells in S and G2 phases
(P < 0.001; compared with control siRNA) but had only
minimal effects on the cell cycle of A2780cp20 cells
(Fig. 5E).

There are no known inhibitors of ALDH1A1 for in vivo
studies. Therefore, we used a method for delivery of
siRNA in vivo, using DOPC nanoparticles. We and others
(28–32) have previously shown delivery of siRNA incor-
porated into DOPC nanoliposomes to the tumor parench-
yma with subsequent target downregulation. In this
study, nude mice were injected intraperitoneally with
either SKOV3TRip2 or A2780cp20 cells and randomized
to 4 treatment groups to begin 1 week after cell injection:
a) control siRNA in DOPC, delivered intraperitoneally
twice per week; b) docetaxel 35 mg, delivered intra-
peritoneally weekly (for SKOV3TRip2model) or cisplatin
160 mg, delivered intraperitoneally weekly (for
A2780cp20 model); c) ALDH1A1-siRNA in DOPC, intra-
peritoneally twice per week; or d) ALDH1A1-siRNA in
DOPC plus docetaxel (for SKOV3TRip2) or cisplatin (for
A2780cp20). After 4 weeks of treatment, mice were sacri-
ficed and total tumor weight recorded. The IHC analysis
confirmed reduced ALDH1A1 expression with
ALDH1A1-siRNA/DOPC treatment compared with con-
trols but not with chemotherapy alone (Supplementary
Fig. 2; too little tissue was available to examine with the
ALDEFLUOR assay). In SKOV3TRip2 xenografts
(Fig. 5F), there was a nonsignificant reduction of 37.0%
in tumor growth with docetaxel treatment (P ¼ 0.17) and
of 25.0% with ALDH1A1 siRNA treatment (P ¼ 0.38)
compared with control siRNA/DOPC. The observation
that ALDH1A1 downregulation alone significantly
decreased SKOV3TRip2 growth in vitro but was less
pronounced in vivo suggests that tumor microenviron-
ment factors such as supporting stromal cells may be able
to protect cells from ALDH1A1 depletion. However, the
combination of ALDH1A1 siRNA and docetaxel resulted
in significantly reduced growth by 93.6% compared with
control siRNA (P < 0.001), by 89.8% compared with
docetaxel plus control siRNA (P ¼ 0.003), and by
91.4% compared with ALDH1A1 siRNA (P ¼ 0.002). In
A2780cp20 (Fig. 5G), there was a similar nonsignificant
reduction of 43.9% in tumor weight with cisplatin alone
(P ¼ 0.32) and of 57.0%with ALDH1A1 siRNA treatment
(P ¼ 0.19). These effects may be even less significant than
the mean tumor weights suggest, given the presence of 2
especially large tumors in the control siRNA group.
However, again combined therapy showed a sensitiza-
tion to chemotherapy with ALDH1A1 siRNA, with com-
bination therapy reducing growth by 85.0% compared
with control siRNA (P ¼ 0.048), by 73.4% compared with
cisplatin plus control siRNA (P ¼ 0.013), and by 65.3%
compared with ALDH1A1 siRNA alone (P ¼ 0.039).
Given the minimal effects of each single agent and the
consistent finding of significant improvement with com-
bined therapy, these data suggest a synergy between
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ALDH1A1 downregulation and both taxane and plati-
num chemotherapeutic agents, though formal dose-find-
ing experiments would be required to definitively prove
synergy.

Discussion

We have found that ALDH1A1 expression and activity
are increased in chemoresistant ovarian cancer cell lines

A

C

D

E

G

F

B

Figure 5. Efficacy of ALDH1A1 downregulation with siRNA in vitro and in vivo. Identification of siRNA constructs that decrease ALDH1A1 expression was
confirmed by Western blotting (A) and by flow cytometry (B) using the ALDEFLUOR assay in the SKOV3TRip2 cell line. C, downregulation of ALDH1A1 with
siRNA 48 hours prior to the treatment of SKOV3TRip2 cells with increasing doses of docetaxel showed a sensitization effect, decreasing IC50 from 178 to
82 nmol/L. siRNA alone also showed an effect, with decreased viability by 49%. D, in the A2780cp20 cell line, downregulation of ALDH1A1 alone had minimal
effect but sensitized cells to cisplatin, decreasing IC50 from 5.1 to 2.0 mmol/L. E, cell-cycle analysis shows that ALDH1A1 downregulation induces
accumulation of cells in S andG2 phases in SKOV3TRip2, with little effect on A2780cp20. F, in vivo, mice injected intraperitoneally with SKOV3TRip2 cells were
treated with ALDH1A1-siRNA incorporated in DOPC nanoparticles, docetaxel/control siRNA in DOPC, or the combination and compared with mice treated
with control siRNA in DOPC. Mice treated with either of the single agents had minimal effect, but the combination showed a significant reduction compared
with treatment with control siRNA (94% reduction in tumor growth; P < 0.001) or either of the single agents (90%–91% reduction; P < 0.005). G, similarly, mice
injected with A2780cp20 cells showed a minimal, nonsignificant reduction in growth with cisplatin or ALDH1A1-siRNA in DOPC, but combination therapy was
statistically superior to either of the single agents (65%–73% reduction; P < 0.04) or control siRNA (85% reduction; P ¼ 0.048). Mean tumor weight and
individual tumor sizes are presented.
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and in in situ primary ovarian cancer xenografts treated
with cisplatin. Expression of ALDH1A1 is frequent in
ovarian tumors, and patients with lowALDH1A1 expres-
sion levels have a more favorable outcome than those
with more ALDH1A1-positive cells. ALDEFLUOR-
positive cells have increased (but not absolute) tumor-
igenicity compared with ALDEFLUOR-negative cells
and have a differentiating capacity that is not present
in the ALDEFLUOR-negative population. Most impor-
tant, downregulation of ALDH1A1 expression sensitized
normally chemoresistant tumors to both docetaxel and
cisplatin both in vitro and in an orthotopic mouse model
of ovarian cancer.
The search for tumor-initiating cells in ovarian cancer

has resulted in observations that the CD44þ/c-kitþ popu-
lation has an approximately 5,000-fold increase in tumor-
igenicity, with tumors forming after the injection of as few
as 100 cells from primary tumor, xenograft, or spheroid
heterogeneous populations (5), and that the CD133þ

population has approximately 20-fold increased tumor-
igenicity, with tumor formation with as few as 100 to 500
cells from murine xenografts, and tumor formation 4
times faster with CD133þ cells (7). Furthermore, the
increased tumorigenicity of CD133þ cells can be inhibited
by interfering with binding between CD44 and its ligand
hyaluronic acid (6). Other investigators have found equal
rates of tumor formationamongCD133þandCD133� cells
fromtheA2780 cell line, but a fastergrowth rate inCD133þ

cells (8). The side population (SP) cells from theMOVCAR
cell line also formed tumors more frequently and
appeared 3 to 4 weeks sooner than tumors derived from
non-SP cells (9). In all of these studies, as in ours, the
tumors resulting from the putative tumor-initiating cell
population contained both tumor-initiating cell and non-
tumor-initiating cell populations, demonstrating multi-
potentiality. Interestingly, we have seen that cells com-
prising tumors formed from ALDH1A1-negative cells
lack the capacity to generate ALDH1A1-positive cells
and do not continue to propagate tumors over multiple
generations, suggesting that their multipotentiality is
limited. This lack of differentiating capacity has also been
noted in ALDEFLUOR-negative cells from breast cancer
cell lines (33).
The most appropriate source of tumor cells for tumor-

igenicity experiments is of some debate. Although it is
desirable to use samples freshly collected from primary
tumors, sorting these samples and establishing primary
xenografts have proven problematic. Ovarian cancer
xenografts and cells lines have traditionally been chal-
lenging to establish from primary samples. All pre-
viously reported studies of ovarian tumor-initiating
cells have used selected cells of some sort, either from
xenografts of varying generations or from cells grown
in differentiation-inhibiting media (to form tumor
spheres), to serve as a compromise between freshly
collected specimens and cell lines. However, those cells
that form tumors in mice even in the first generation
almost certainly represent some select portion of the

original tumor. That these xenografts still contain only a
small percentage of tumor-initiating cells speaks either
to the appropriateness of this approach or to the testa-
ment that the tumor-forming cells are multipotent, give
rise to tumor-initiating cell-negative populations, and
remain relatively rare. Use of cell lines is often discour-
aged because of their homogenous nature. But clearly,
even within cell lines, there is heterogeneity in
ALDH1A1 expression, as shown by the detection of
distinct populations by flow cytometric and IHC ana-
lyses (Fig. 2). Distinct ALDEFLUOR-positive and -nega-
tive populations have also been found in several breast
cancer cell lines, with ALDEFLUOR-positive cells hav-
ing increased tumorigenicity and differing molecular
signatures (33). Therefore, our finding that the ALDE-
FLUOR-positive population in cell lines has increased
tumorigenicity may reflect the more aggressive pheno-
type of ALDH1A1-active cells but does not represent
proof that this population is important to in situ ovarian
cancers. Evidence that patients with increasing
ALDH1A1 expression have poor outcomes suggests this
association, but additional tumorigenicity experiments
from freshly collected tumors would more appropri-
ately define the ALDEFLUOR population as clinically
significant tumor-initiating cells.

The importance of tumorigenicity in defining cancer
stem cells has also been debated. Although tumor for-
mation with 100 to 500 ALDEFLUOR-positive cells and a
lack of tumor formation with the injection of 105 ALDE-
FLUOR-negative cells definitely reflect an aggressive
phenotype, the biologic processes required for xenograft
formation-–survival under stressful experimental condi-
tions, adhesion, time to proliferation, and variations in
host immunocompetence-–may not reflect the true popu-
lation that cancer stem cell research seeks to identify. Our
ultimate goal should be to identify the subpopulations in
parent tumors that survive chemotherapy and therefore
are more likely to cause recurrence. Stem cells that sur-
vive chemotherapy should exhibit chemoresistance to be
clinically relevant. In breast cancer, for example, the
CD44þ/CD24� population is highly tumorigenic. How-
ever, Tanei et al., who studied tissue obtained before and
after neoadjuvant chemotherapy, found that despite a
positive response to treatment, the proportion of CD44þ/
CD24�-negative cells was unchanged. In these samples,
however, the ALDH1A1-positive population was signif-
icantly increased (34).

ALDH1A1 has previously been proposed to play a role
in chemoresistance, having been noted to be higher in
proteomic profiling of IGROV platinum-resistant ovarian
cancer cells (35), in genomic profiling of multidrug-resis-
tant gastric carcinoma (36), and in cells resistant to cyclo-
phosphamide (37, 38), oxazaphosphorines (39), and now
docetaxel and cisplatin. ALDH1A1 oxidizes many intra-
cellular aldehydes into carboxylic acids (40), detoxifying
many of the free oxygen radicals generated by chemother-
apeutic agents. It stands to reason that a stem cell popula-
tion should be resistant to multiple chemotherapeutic

Targeting ALDH1A1 Stem Cells in Ovarian Cancer

www.aacrjournals.org Mol Cancer Ther; 9(12) December 2010 3197

 American Association for Cancer Research Copyright © 2010 
 on January 20, 2011mct.aacrjournals.orgDownloaded from 

Published OnlineFirst October 1, 2010; DOI:10.1158/1535-7163.MCT-10-0563



agents rather than being specific to one class. This also
follows clinically, in that most ovarian cancer patients
who develop resistance to platinum agents have resis-
tance tomultiple agents (2). ALDH1A1 has been shown to
be associated with BRCA1 in breast cancer, in that knock-
down of BRCA1 increases the ALDEFLUOR population
and ALDEFLUOR-positive cells preferentially contain
BRCA1 loss of heterozygosity (41). These findings could
also be important to BRCA-mediated ovarian cancer.
Despite this body of evidence for the importance of
ALDH1A1, it is not fully understood whether any of
the additional ALDH1 isoforms are important to stem
cell biology. In our study, ALDH1A1 can be specifically
identifiedwith isotype-specific antibodies (as used for the
IHC analysis and Western blotting). However, the more
important and consistently used identifier of a stem cell
population is the ALDEFLUOR assay, which, although
primarily dependent on ALDH1A1, may also identify
ALDH1A2andALDH1A3 isotypes [(42) andunpublished
data by Stem Cell Technologies]. As a therapeutic agent,
we have seen positive effects by targetingALDH1A1with
siRNA, but to maximize the efficacy of therapeutics, the
contribution of these additional isotypes will need to be
defined with additional studies.

Although our finding of a poor outcome in patients
with high ALDH1A1 expression agrees with similar
investigations in breast cancer (12, 13) and ovarian cancer
(20), one interesting report found that a high ALDH1A1
expression level actually confers a positive prognosis in
ovarian cancer (43). This cohort also contained patients
with absent, scattered, and diffuse staining. However,
this cohort included patients with stage I and II disease
and low-grade tumors, and ALDH1A1 expression was
higher in these patients [confirming findings from a
previous report (44)]. Furthermore, with multivariate
analysis, only stage correlated with survival; ALDH1A1
expression no longer predicted outcomes. In ovarian
cancer, there is a well-recognized dichotomy in carcino-
genesis and pathobiology (45), whereby low-grade

tumors (which are more often diagnosed at stage I or
II) are paradoxically more chemoresistant but have pro-
longed survival due to slow growth. Given these collec-
tive data, and the several mechanisms by which
ALDH1A1 has been shown to contribute to chemoresis-
tance, it may be that ALDH1A1 is more frequently
expressed in low-grade tumors but participates in che-
moresistance to both high-grade and low-grade subtypes.

We have shown that the ALDH1A1-positive popula-
tion has properties of cancer stem cells, is associated with
taxane and platinum resistance, and can be resensitized
to chemotherapy with downregulation of ALDH1A1
in vitro and in vivo. Therefore, ALDH1A1 is not just a
marker of an aggressive population but also amediator of
the phenotype and a viable target for therapy. As better
models are developed to more purely define the true
chemoresistant population in de novo patient tumors, the
ALDH1A1 population, either alone or in combination
with other markers and mediators of resistance, may
represent a population that must be targeted to achieve
increased response rates and survival in ovarian cancer
patients.
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§ Selected for Meeting Award 
   

BOOK CHAPTERS 

1. Landen CN and Holmes MA.  Dysmenorrhea, in Conn’s Currrent Therapy 2002, R. Rakel and E. Bope, Editors, 
W.B. Saunders Company, Philadelphia, pp 1076-1078, 2002.  ISBN-10: 072168744X 

2. Gernt PR, Norcross ED.  Sleepwell: Surgery and Obstetrics/Gynecology, Vol 2 (Sleepwell Review Series).  
Blackwell Publishing 2002.  ISBN-10: 0632046643. 

3. Landen CN and Lopez-Berestein G.  Therapeutic Agents and Approaches, in Targeted Therapy in the Age of 
Personalized Cancer Care, under construction. 

4. Landen CN. Biologic and Targeted Therapies, in Society of Gynecologic Oncologists Chemotherapy Handbook, 
under construction. 

 
CONFERENCES AND SYMPOSIA 
 

Presentations at National or International Conferences 
 

Invited 
 

Differing mechanisms of inhibition of calcium rises in human uterine myocytes by indomethacin and nimesulide.  
The Donald F. Richardson Prize Paper Award Presentation.  5 0th Annual Clinical Meeting of the American 
College of Obstetricians and Gynecologists, 5/2002. 

Neuroendocrine modulation of STAT3 in ovarian cancer.  Western Association of Gynecolgic Oncologic 
Oncologists, 5/2004. 

Genomic Instability is Associated with Lack of Telomerase Activation in Ovarian Cancer.  6th International 
Conference on Ovarian Cancer, MD Anderson Cancer Center, 12/2005. 

Therapeutic silencing of EphA2 by in vivo liposomal siRNA delivery.  American Association of Cancer Research 
Annual Meeting. Anaheim, CA, 4/2005. 

Targeting the αvβ3 integrin with a fully humanized antibody in ovarian cancer.  37th Annual Society of 
Gynecologic Oncologists Meeting, Palm Springs, CA, 3/2006. 
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Overexpression of the centrosomal protein Aurora-A kinase is associated with poor prognosis in epithelial ovarian 
cancer patients.  37th Annual Society of Gynecologic Oncologists Meeting, Palm Springs, CA, 3/2006. 

SiRNA Therapeutics in Ovarian Cancer.  7th Annual International Conference on Ovarian Cancer, Houston, TX, 
11/2006. 

Perioperative factors associated with survival after secondary cytoreduction in patients with recurrent epithelial 
ovarian cancer.  Society of Gynecologic Oncologists Winter Meeting, Beaver Creek, CO, 2/2007. 

Trial-based review of Management of Ovarian Cancer.  39 th Annual Meeting of the Society of Gynecologic 
Oncologists, Tampa, Fl, 3/2008. 

Targeting the αvβ3 integrin in ovarian cancer.  Society of Gynecologic Investigation Annual Meeting, San Diego, 
CA, 3/2008. 

Trial-based review of Management of Ovarian Cancer.  40th Annual Meeting of the Society of Gynecologic 
Oncologists, San Antonio, TX, 3/2009. 

“Nanoparticle Delivery Systems for siRNA Therapy.” 3rd Annual Symposium on Ovarian Cancer Research, 
Medical University of South Carolina, 5/2009. 

“Independent targeting of the Notch pathway in tumor cells and t umor stroma.” Reproductive Scientist 
Development Program Retreat, 10/2010. 

Discussant 

Molecular Therapeutics of Cancer Research Conference, Princeton, NJ, 7/2010. 

“KLF6-SV1 is a Novel Uterine Leiomyosarcoma Gene:  From Transgenic Mouse Model to Human Disease.” 42nd 
Annual Meeting of the Society of Gynecologic Oncologists, Orlando, FL, 2011. 

Moderator 

Focused Plenary Session III, Translational and Basic Science, 42nd Annual Meeting of the Society of Gynecologic 
Oncologists, Orlando, FL, 2011. 

 

Invited Seminars from Other Institutions 

 “Therapeutic targeting of EphA2 in ovarian cancer.” Dept of Obstetrics and Gynecology Grand Rounds, 
Washington University, St. Louis, MO, 4/2007.  

 “In search of: Ovarian Cancer Stem Cells.” Lineberger Cancer Center, University of North Carolina at Chapel Hill, 
Chapel Hill, NC, 10/2008.  

“Translating Discovery to the Patient in Ovarian Cancer.” Dept of Obstetrics and Gynecology Grand Rounds, 
University of North Carolina at Chapel Hill, Chapel Hill, NC, 10/2008.  

“In search of: Ovarian Cancer Stem Cells.” Hellen Diller Comprehensive Cancer Center, University of California 
San Francisco, San Francisco, CA, 10/2008.  

“Update on screening and genetic susceptibility in gynecologic cancers.” The Gynecologic and Obstetrics Society, 
Medical University of South Carolina, 5/2011. 

“Cancer Stem Cells: Clinically significant or an experimental phenomenon?” Felix Rutledge Society, MD Anderson 
Cancer Center, 5/2011. 

 

Presentations at Local Conferences 

“Patient Satisfaction with Their Physician,” Camp Bluebird Retreat for Cancer Survivors, 5/2000. 

“Telomerase and Microsatellite Instability in Ovarian Cancer.” Dept of Gynecologic Oncology Grand Rounds, MD 
Anderson Cancer Center, 2/2004.  
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“Neuroendocrine modulation of STAT3 in Ovarian Cancer.” Dept of Gynecologic Oncology Grand Rounds, MD 
Anderson Cancer Center, 4/2004.  

“Therapeutic silencing of EphA2 by in vivo liposomal siRNA delivery.” Dept of Gynecologic Oncology Grand 
Rounds, MD Anderson Cancer Center, 4/2005.  

“Therapeutic targeting of EphA2 in ovarian cancer.” Dept of Experimental Therapeutics, MD Anderson Cancer 
Center, Houston, TX, 4/2005.  

 “Trial-based review of Management of Ovarian Cancer.” Dept of Gynecologic Oncology, MD Anderson Cancer 
Center, 11/2007.  

“Cancer Stem Cells in Epithelial Ovarian Cancer.” Dept of Cancer Biology, MD Anderson Cancer Center, 4/2008.  

“Important Aspects of Mentorship.” Dept of Gynecologic Oncology Grand Rounds, MD Anderson Cancer Center, 
5/2008.  

 “In search of... Ovarian Cancer Stem Cells.” Program in Experimental Therapeutics, University of Alabama at 
Birmingham, 1/2010.  

 “What’s New in Gynecologic Cancer Research.” Progress in OB/GYN Annual Meeting, University of Alabama at 
Birmingham, 2/2010. 

 “Independent targeting of the Notch pathway in tumor cells and t umor stroma.” Cancer Cell Biology seminar 
series, University of Alabama at Birmingham, 5/2010. 

“Neoadjuvant Chemotherapy in Ovarian Cancer.” Division of Gynecologic Oncology Grand Rounds, 7/2010. 

“Historical Vignettes in Obstetrics and Gynecology.” Department of Obstetrics and Gynecology Grand Rounds, 
7/2010. 

“Surgical Management of Gynecologic Malignancies.” Department of Radiology Grand Rounds, 7/2010. 

 

 

 

Personal Interests 

Family activities 

Sports / Crosstraining 

Hiking / camping 

History 

Philosophy / religion 
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